BACKGROUND: The chemokine CXCL12 and its cognate receptor, CXCR4, have been implicated in numerous tumour types where expression promotes tumour growth, angiogenesis, metastasis and suppresses tumour immunity. METHODS: Using a tissue microarray of 289 primary ovarian cancers coupled to a comprehensive database of clinicopathological variables, the expression of CXCL12 and CXCR4 was assessed by immunohistochemistry and its impact in terms of survival and clinicopathological variables was determined. RESULTS: Patients whose tumours expressed high levels of CXCL12 had significantly poorer survival (P ¼ 0.026) than patients whose tumours failed to produce this chemokine. Lack of CXCL12 expression within tumours was associated with a 51-month survival advantage for patients when compared with patients whose tumours expressed high levels of CXCL12. FIGO stage, adjuvant chemotherapy and the absence of macroscopic disease after surgery were all shown to predict prognosis independently of each other in this cohort of patients. CXCL12 was independently predictive of prognosis on multivariate analysis (P ¼ 0.016). There was no correlation between CXCL12 and any clinicopathological variable. CONCLUSION: The chemokine CXCL12 is an independent predictor of poor survival in ovarian cancer. High expression of CXCL12 was seen in only 20% of the tumours, suggesting a role for anti-CXCL12/CXCR4 therapy in the management of these patients.
Ovarian cancer is the fifth leading cause of cancer among women and the leading cause of mortality from gynaecological cancers (Parkin et al, 1999) , with epithelial cancer being responsible for 90% of ovarian malignancies. It can be classified into four major categories: serous, mucinous, endometrioid and clear cell. Each subtype has different clinical, molecular and biological characteristics and may represent different diseases (Gomez-Raposo et al, 2010) . However, the main cause of treatment failure and death is metastasis. The chemokines involved in lymphocyte homing and migration can also be used by tumour cells to metastasise. In a study of expression of 14 chemokine receptors, only CXCR4 was expressed within ovarian cancer cell lines (Scotton et al, 2001 ). The only CXCR4 ligand, CXCL12, induced migration, integrin expression, proliferation and invasion. CXCL12 was abundantly expressed within biopsy (Scotton et al, 2002) and ascite samples from ovarian cancer patients.
CXCL12 (stromal derived factor-1), a 68-amino-acid chemokine (8 kDa) belonging to the CXC chemokine family, is constitutively expressed in the bone marrow and in other tissues, including the skin, heart, liver, lung and brain endothelium (Dar et al, 2006) . This constitutive expression is responsible for trafficking and localisation of immature and maturing leucocytes to these tissues, suggesting a role in immune surveillance (Bleul et al, 1996) . It is also a potent costimulator of helper T cells (Nanki and Lipsky, 2000) . CXCL12 can also act as an anti-inflammatory chemokine by promoting the polarisation of helper T cells to become antigenspecific regulatory cells (Meiron et al, 2008) .
CXCR4 is a 352-amino-acid rhodopsin-like seven transmembrane G protein-coupled receptor (Furusato et al, 2010) used for HIV entry (Feng et al, 1996) . The CXCL12/CXCR4 axis has an important role in the regulation of stem/progenitor cell trafficking (Peled et al, 1999) . AMD3100 inhibits CXCL12/CXCR4 interactions and has been approved as a drug for hematopoietic stem cell mobilisation from the bone marrow to the blood for autologous stem cell transplantation (DiPersio et al, 2009a, b) . Endothelial cells can express both CXCL12 and CXCR4 and are key regulators of angiogenesis (Salcedo and Oppenheim, 2003) .
Various tumours, in particular the androgen-dependent tumours such as prostate, breast and ovarian cancers, produce CXCL12 and express CXCR4 (Zhou et al, 2001; Taichman et al, 2002; Sun et al, 2003; Kukreja et al, 2005) . In these tumours, CXCL12 can have pleiotropic roles in autocrine growth stimulation as a tumour cell chemoattractant (Muller et al, 2001; Begley et al, 2005; Akashi et al, 2006; Engl et al, 2006; Sun et al, 2007) and as an endothelial stem cell attractant contributing to tumour vascularisation (Orimo et al, 2005) , and can suppress tumour immunity (Zhou et al, 2001; Meiron et al, 2008) . Furthermore, expression of CXCR4 and CXCL12 predicts lymph node metastasis in colorectal (Poznansky et al, 2000) , oesophageal (Gockel et al, 2006) and breast cancer (Liu et al, 2010) . CXCR4 has been shown to be a predictor of poor survival in nasopharyngeal carcinoma (Wang et al, 2005) , renal cell carcinoma (Wang et al, 2009) , gastrointestinal tumours (Schimanski et al, 2008) and ovarian cancer (Jiang et al, 2006) .
Although the CRCR4/CXCL12 axis has been implicated in ovarian cancer biology, there have been limited studies on its prognostic value. Using tissue microarray technology (TMA) we analysed a large cohort of ovarian tumour samples from 289 patients for CXCL12 and CXCR4 expression. The results demonstrate that expression of high levels of CXCL12 is an independent marker of poor prognosis in ovarian cancer.
PATIENTS AND METHODS
We followed the reporting recommendations for tumour marker prognostic studies (REMARK) (McShane et al, 2005) when compiling this manuscript. This work was approved by the Derby Royal Hospital Ethics Committee.
Patient study and clinicopathological variables
A total of 360 patients with ovarian cancer were entered into this study, and consisted of patients undergoing a laparotomy for primary ovarian cancer. Information on cancer size, stage, presence or absence of residual disease after surgery, histological type and grade, age at diagnosis, and type of adjuvant treatment was collected for all patients (Table 1) . Histological material was available for analysis in 339 cases. The paraffin-embedded tissue blocks from these patients were dated from 1 January 1984 until 31 December 1997. Disease-specific survival was calculated from the operation date until 31 November 2005, when any remaining survivors were censored. The database was audited to ensure validity; there were no major discrepancies with 497% of data available.
Patient characteristics
During the study period, patients with high-grade stage I and stage II -IV disease received chemotherapy. The specific chemotherapy varied but reflected the best current practice; most recently, this treatment was platinum based. In detail, 95 patients received no adjuvant therapy, 77 had non-platinum chemotherapy, 77 platinum, 87 carboplatin, and 8 carboplatin and taxol chemotherapy; 1 patient received taxol alone and 5 patients received radiotherapy. In all, 62 patients participated in the International Collaborative Group for Ovarian Neoplasia trials I -IV, during which the allocated chemotherapy was randomised. Although the study spans a 14-year period, there was no significant change in the survival of patients treated in the earlier or latter part of the study. This is in line with the unaltered survival of ovarian cancer patients over the last 30 years (Bjorge et al, 1998) .
Tissue microarrays and immunohistochemistry
Tissue microarrays were constructed as described previously. Immunohistochemical analysis was performed using a routine streptavidin -biotin peroxidase method. Tissue-array sections were first deparaffinised with xylene, rehydrated through graded alcohol and immersed in methanol containing 0.3% hydrogen peroxide for 20 min. In order to retrieve antigenicity, sections were immersed in pH 9.0 EDTA buffer and heated in an 800-W microwave for 10 min at high power and 10 min at low power. Endogenous avidin/biotin binding was blocked (avidin/biotin blocking kit, Vector Labs, Peterborough, UK), followed by addition of 100 ml 1 : 5 normal swine serum (NSS) to Tris-buffered saline (TBS) for 15 min to block non-specific binding.
Sections were incubated with either 100 ml of mouse polyclonal antibody (MAB350; 1 : 50 dilution) recognising human CXCL12 (R&D Systems) or a mouse monoclonal antibody (MAB172; 1 : 600 dilution; R&D Systems, Abingdon, UK) recognising human CXCR4. Tumour grade of all other tumours Well differentiated (3) 98 (27) 75 (26) 64 (27) Moderately differentiated (2) 39 (11) 33 (11) 26 (11) Poorly differentiated (1) 20 (6) 16 (6) 12 (5 Positive controls were whole sections of colorectal cancer tissue. The primary antibody was omitted from the negative control. After washing with TBS, sections were incubated with 100 ml of biotinylated goat anti-mouse/rabbit immunoglobulin (Dako Ltd, Ely, UK) diluted 1 : 100 in NSS, for 30 min, washed in TBS and incubated with 100 ml of pre-formed streptavidin -biotin/ horseradish peroxidase complex (Dako) for 60 min. Visualisation was achieved using 3, 3 0 -diaminobenzidine tetra hydrochloride (DAB, Dako), and then lightly counterstained with haematoxylin (Dako), dehydrated in alcohol, cleared in xylene (Genta Medica, York, UK), and mounted with distyrene, plasticiser and xylene (DPX -BDH, Poole, UK).
Evaluation of staining
The tumour cores were first imaged using a NanoZoomer (Hamamatsu, Bridgewater, NJ, USA). The cores were assessed at Â 20 magnification by two observers, both with experience in the analysis of TMAs. Tumours were classified by H scores and assessed for high, moderate, low and negative CXCL12 and CXCR4 expression. Both observers were blinded to clinical and pathological parameters. In the few cases (o5%) where there was a discrepancy, a review was performed and a consensus reached.
Statistical analysis
Statistical analysis was performed using the SPSS package (version 16 for Windows, SPSS Inc., Chicago, IL, USA). Pearson's w 2 -tests were used to determine the significance of associations between categorical variables. Disease-specific survival calculations included all patients whose death related to ovarian cancer, whereas deaths from other causes were censored at the time of death. Kaplan -Meier curves were used to assess factors that influenced survival. The statistical significance of differences in disease-specific survival between groups was estimated using the log-rank test. The Cox proportional-hazards model was used for multivariate analysis to determine the relative risk and independent significance of individual factors. P-values o0.05 were considered statistically significant.
RESULTS

Clinical and pathological data
In the cohort of ovarian cancer patients, the mean age at diagnosis was 61 years (range 24 -90). Using the current Surveillance, Epidemiology and End Results Program age categorisation system, at diagnosis 59% of the patients were 460 years, 40% were 30 -60 years and only 2 of 357 were o30 years. Serous carcinoma was the commonest histological type (49%) followed by undifferentiated (15%), endometrioid (12%), mucinous cystadenocarcinoma (10%), clear cell (7%) and other types (7%). All patients were treated surgically, of which 42% had their masses optimally debulked (residual tumour less than 2 cm) with no macroscopic disease left. In all, 49% were in stage III, 26% in stage I, 11% in stage IV and 11% in stage II. Histological grading of the serous carcinomas showed that 90% were high grade (160) and 10% low grade (18). The other tumours were graded as 27% well differentiated, 11% moderately differentiated and only 6% poorly differentiated. Patients' characteristics are summarised in Table 1 .
CXCL12 expression in ovarian cancer tissue
Analysis of CXCL12 was possible in 289 of the 360 cores (80%), with the remainder not available on the cut slide, being lost during antigen retrieval or not demonstrating viable tumour cells in the core. Owing to the loss of cores, the clinicopathological data for the 289 samples were assessed to confirm that they represented the original cohort (Table 1) . CXCL12 staining was seen in the cytoplasm of tumour cells (Figures 1A -D) . Of the 289 samples, 199 (69%) tumours were positive for CXCL12. The X-tile program (Yale University, CT, USA) was used to determine cut-points to divide the samples into low/negative, moderate and high groups using a H-score of 0 -3 (low; 39%), 3 -90 (moderate; 41%) and 90 -300 (high; 20%) for expression of CXCL12 in tumours. The X-tile program was also used to divide the cohort into two groups: low/high groups of H-score 0 -10 (low; 55%) and 10 -300 (high; 45%) for CXCL12 tumour expression.
CXCR4 expression in ovarian cancer tissue
Analysis of CXCR4 was possible in 241 of the 360 cores (67%), with the remainder not available on the cut slide, being lost during antigen retrieval or not demonstrating viable tumour cells in the core. Owing to the loss of cores, the clinicopathological data for the 241 samples were assessed to confirm that they represented the original cohort (Table 1) . CXCR4 staining was seen in the nucleus of tumour cells (Figures 1E -G) . Of the 241 samples, none were negative for CXCR4 in tumour cells. The majority of tumours had moderate CXCR4 expression and accounted for 49% of the cohort. The X-tile program provided cut-points to divide tumours into low, moderate and high groups with H-score 0 -60 (low; 11%), 60 -115 (moderate; 20%) and 115 -300 (high; 69%) for tumour CXCR4 expression.
Increased CXCL12 expression but not CXCR4 expression reduces patients survival
Kaplan -Meier plots were used to analyse the relationship between expression levels of CXCL12 and CXCR4 and disease-specific survival. In all, 235 patient samples were analysed for both markers. Increasing expression of CXCL12 within tumours significantly reduces patient survival (P ¼ 0.026) (Figure 2 ). Patients with low CXCL12 expression lived a mean of 75.9 months, compared with 59.1 months for moderate expression and 24.2 months for high expression (Table 2) . When comparing differing levels of CXCR4 expression ( Figure 2B ) with disease-specific survival, no difference was found (P ¼ 0.712). Patients with low CXCR4 expression lived a mean of 47.5 months, compared with 74.6 months for moderate expression and 58.1 months for high expression (Table 2 ). When tumour cell expression of high and low CXCL12 was compared with high and low CXCR4 expression ( Figure 2C ), in patients who showed both low CXCL12 and CXCR4 expression 32 of 235 patients (32%) had the best survival of 82 months, and patients with high CXCL12 and low CXCR4 displayed the worst survival, with 14 of 235 patients (33%) having a survival time of only 39 months. However, overall there was no linear correlation between CXCL12 and CXCR4 (P ¼ 0.409 (data not shown)) and expression patterns showed no significant effects on survival of ovarian cancer patients (P ¼ 0.173).
No correlation with clinicopathological features and CXCL12 and CXCR4 expression
The relationship between CXCL12 and CXCR4 expression within ovarian tumours and standard clinicopathological variables was measured using the Pearson's w 2 -test. Expression of both CXCL12 and CXCR4 was not significantly correlated with any of the clinicopathological variables, including stage, grade, type, residual disease or type of chemotherapy (Table 3) .
Expression of CXCL12 by ovarian tumours is an independent prognostic marker
In order to determine the relative influence of CXCL12 and CXCR4 on other patient and tumour variables, known to affect prognosis, a multivariate analysis was performed using the Cox multivariate regression model. The variables included were those that have been shown to be significantly related to disease-specific survival on univariate analysis (macroscopic residual, adjuvant therapy and FIGO (International Federation of Gynecology and Obstetrics) stage). In this model, macroscopic residual disease (Po0.001), adjuvant therapy (P ¼ 0.001) and FIGO stage (Po0.001) were seen to retain independent prognostic significance ( Table 4) . Expression of CXCL12 by ovarian tumours was shown to be an independent prognostic marker (P ¼ 0.016). Expression of CXCR4 by ovarian tumours was not shown to be independent of macroscopic residual disease, adjuvant therapy and FIGO stage (P ¼ 0.364; Table 5 ).
CONCLUSION
CXCL12 has multiple roles in tumour pathogenesis by promoting tumour growth, enhancing tumour angiogenesis, suppressing tumour immunity and participating in tumour metastasis via expression of CXCR4 (Kryczek et al, 2007) . In this study, TMA was used to assess the expression of CXCL12 and CXCR4 in relation to clinico-pathological characteristics and overall survival of 289 ovarian cancer patients. This study has the advantage of over 14 years of patient follow-up. CXCL12 and CXCR4 expression was seen in 69% and 100% of patient samples, respectively. This study demonstrated reduced disease-specific survival (P ¼ 0.026) in ovarian cancer patients whose tumours showed moderate or high CXCL12 expression. There was a 51-month survival advantage for patients whose tumours lacked CXCL12 expression, when compared with patients whose tumours expressed high levels of this chemokine. Furthermore, CXCL12 expression was an independent predictor of poor survival and was equally expressed by all ovarian tumour types. These data contrast with a smaller immunohistochemistry study by Jiang et al (2006) using 80 patients with a shorter follow-up (median 37 months). CXCL12 was detected in 40/44 (91% of patients); however, in this study CXCL12 did not correlate with disease survival. This contrasted with our study, which analysed 289 patients with a median follow-up of 167 months (range 95 -335 months). We used X-tile to define our cutoff and divided CXCL12 expression into three groups (low (0 -3), moderate (3 -90) and high (90 -300)). Using these criteria we were able to show a graded decrease in survival with increased CXCL12 expression. In the Jiang study groups were divided using two cutoffs (using IRS scoring instead of a H-score) and showed no significance. We also analysed our data in two groups: low (0-10) and high (10-300), and showed significance (data not shown, P ¼ 0.019).
Published data would suggest that 80% of the ovarian carcinomas are of serous type (Soslow, 2008) . As undifferentiated carcinomas are believed to be of serous type, the total number of serous carcinomas in this study was 69%. The difference in this distribution may be due to the availability of tissues as some biopsies from serous carcinomas in advanced stage were not suitable for TMA. As the results for CXCL12 were independent of histological type, the lower number of serous carcinomas in this study should not affect the results.
In contrast to CXCL12, the expression of CXCR4 within our study had no significant effect on patient survival (P ¼ 0.712) or correlation with any other clinicopathological variable. This is in contrast with other studies that showed that CXCR4 expression was an independent prognostic factor for poor survival in epithelial ovarian cancer patients (Jiang et al, 2006) . These studies used lower numbers of patients with shorter follow-up than our study. One explanation for the differences in the effect of CXCR4 on survival between the studies may be the localisation of CXCR4 within the cell. CXCR4 expression is not confined to the cell surface and the CXCR4 receptor may be internal until activation/ signalling occurs, whereby the receptor becomes present at the cell surface, allowing interaction with CXCL12 and activating signalling cascades (Forster et al, 1998) . In our study, 100% of the tumours showed nuclear staining, with 69% strong nuclear and cytoplasmic staining. However, in the Jiang study, CXCR4 expression was only seen within the cytoplasm of 59% of patients. This may be a reflection of the differing antigen retrieval methods showing greater or less sensitivity of detection.
As the CXCR4/CXCL12 pathway is involved in the metastasis of tumour cells, this has important implications for the survival of ovarian cancer patients where the main cause of death is attributed to metastasis. Indeed, in breast cancer high levels of expression of
Cum. survival 60 -115) and high (115 -300)) and (C) a combination of CXCL12 and CXCR4 expression. CXCL12 as low/high groups, using X-tile, of H-score 0 -10 (low) and 10 -300 (high) vs CXCR4 as low/high groups, using X-tile, of H-score 0 -110 (low) and 110 -300 (high). CXCL12 were shown in organs representing the first destination for breast cancer metastasis (Muller et al, 2001) . However, we have demonstrated high levels of CXCL12 expression at the primary site of the tumour to be involved in poor prognosis. This raises the question whether chemokines may not just work at target organs but could also be involved in the departure of cells from the primary tumours. Indeed, high levels of CXCL12 have been shown to be fugetactic to lymphocytes (Poznansky et al, 2000) and a B16 melanoma engineered to produce CXCL12 at high levels was found to be chemo-repellent to antigen-specific T cells (Vianello et al, 2006) . Alternatively, CXCL12 stimulates the production of metalloproteases, which are important in local tumour invasion (Majka et al, 2000; Samara et al, 2004) . CXCL12 regulation within breast and ovarian tumours has been attributed to oestradiol, which activates oestrogen receptors and induces the production of CXCL12 by tumour cells (DiPersio et al, 2009a, b) . Over 70% of ovarian and breast cancers overexpress the oestrogen receptor. The binding of CXCL12 to its receptor CXCR4 is thought to induce proliferation of tumour cells. In this way, CXCL12 mediates the cancer cell proliferation action of oestrogen and may account for the poor prognosis of patients with high CXCL12 (Hall and Korach, 2003) .
Hypoxia has also been shown to induce CXCL12 expression by primary human ovarian tumour cells where hypoxia-inducible factor-1 is the central mediator (Kryczek et al, 2005) . Kryczek et al studied CXCL12 in ovarian tumours in association with VEGF and found that hypoxia synchronously induces tumour CXCL12 and VEGF production (Kryczek et al, 2005) . Hypoxia-induced signals would be an important factor for initiating and maintaining an active synergistic angiogenic pathway mediated by CXCL12 and VEGF. Our group has previously demonstrated that high VEGF expression occurs in a small proportion of ovarian cancers (7%) and this independently predicts poor prognosis (Duncan et al, 2008) . However, there was no correlation between CXCL12 and VEGF expression in this series (data not shown).
CXCL12 has contradictory roles in immune responses. During homeostasis, tissues constitutively express CXCL12, which promotes leucocyte extravasation and immune surveillance. However, normal ovaries fail to secrete CXCL12 and it is only induced by pro-inflammatory mediators such as IL-1 and TNFa and during hypoxia (Kukreja et al, 2005) . Under conditions of inflammation CXCL12 can downregulate immune responses (Karin, 2010) . It can polarise helper T cells, macrophages and plasmacytoid dendritic cells to secrete the immunoregulatory cytokine IL-10 (Zhou et al, 2001; Meiron et al, 2008) . CXCL12 can also promote TNFa expression, which can activate nuclear factor kB (NF-kB) and act back on tumour cells to induce cell surface CXRC4 expression. In effect, TNFa can amplify the CXCL12 signal (Kulbe et al, 2005) , and therefore neutralising TNFa, neutralising CXCL12 (Karin, 2010) , antagonising CXCR4 (Lapteva et al, 2005; Liang et al, 2007; Du et al, 2008; Kajiyama et al, 2008) or inhibiting NF-kB (Miyanishi et al, 2010) may be an effective therapy for ovarian cancer.
In conclusion, this study has shown that expression of CXCL12 is an independent prognostic indicator of poor survival in ovarian cancer. Furthermore, it identifies a group of patients (20%) with high CXCL12 expression in which targeting the CXCL12/CXCR4 axis may be an effective target. 
